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Vertebrate segmentation relies on a molecular
oscillator, the segmentation clock, which controls
the periodic expression of genes such as lunatic
fringe in the presomitic mesoderm. Oscillations of
lunatic fringe transcripts have now been shown to
be controlled at the transcriptional level by clock
elements in the lunatic fringe promoter.
The body of a vertebrate is formed by a series of
repeated blocks called segments, including structures
such as vertebrae, muscles and peripheral nerves.
This segmental pattern of the body axis is established
early in embryogenesis through the process of
somitogenesis, in which paired blocks of paraxial
mesoderm, the somites, bud off sequentially from 
the anterior extremity of the presomitic mesoderm.
Vertebrate somitogenesis has been shown to involve
a molecular oscillator known as the ‘segmentation
clock’, which drives the periodic transcription in the
presomitic mesoderm of ‘cyclic’ genes [1]. All cyclic
genes defined so far relate to the Notch signalling
pathway. They are either downstream targets of Notch
signalling, such as genes of the hairy and Enhancer of
Split family including c-hairy1 and c-hairy2, HES1 and
HES7, Her1 and Her7 and HEY in chick, mouse and
zebrafish embryos [2–9], or genes encoding regulators
of Notch signalling, such as the ligand DeltaC in
zebrafish [6,10] and the glycosyl-transferase Lunatic
fringe in mouse and chick [11–13].
One proposed role of the segmentation clock is to
drive the periodic activation of Notch signalling in the
rostral presomitic mesoderm, thus setting the pace of
the boundary formation process. But the lack of
dynamic expression of the cyclic genes in Notch
pathway mutants has also led to the suggestion 
that Notch pathway plays a central role in the core
mechanism of the oscillator [3,8,14,15]. To date, the
molecular mechanism driving the periodic transcrip-
tion of the cyclic genes in the presomitic mesoderm
remains largely unknown.
Two recent studies [16,17] have shown that oscilla-
tions of the cyclic gene lunatic fringe in the mouse
presomitic mesoderm are controlled at the transcrip-
tional level, rather than by a periodic degradation 
of the gene’s mRNA. A first hint that clock regul-
ation is mediated by periodic transcription came 
from experiments in which the expression in the 
presomitic mesoderm of nascent nuclear transcripts
of several cyclic genes was analysed by in situ
hybridization using intron-derived probes [16]. The
expression detected with these intronic probes was
found to exhibit a dynamic pattern similar to that 
of the mature cytoplasmic transcripts, suggesting that
regulation of the oscillations takes place at the 
transcriptional level.
This transcriptional regulation was then further
analyzed in transgenic mice by classical dissection of
the lunatic fringe promoter. In a search for sequences
able to control these transcriptional oscillations of
lunatic fringe ‘clock elements’, both groups [16,17] eval-
uated the ability of the region 5′ of the lunatic fringe
promoter to drive dynamic expression of a lacZ reporter
in the presomitic mesoderm. Because of its long half-
life, detection of the LacZ protein cannot be used to
evaluate the dynamic expression of the construct. Sur-
prisingly, both groups found that lacZ mRNA fused to a
SV40 polyA tail turns over quickly enough to allow visu-
alisation of the clock oscillations when the lacZ gene is
controlled by regulatory sequences of the lunatic fringe
gene. This was somewhat unexpected, as instability
controlled by 5′ or 3′ mRNA sequences was thought to
be involved in the dynamic regulation of the cyclic
genes — the 3′ UTR of the Xenopus hairy2 gene had
been shown to confer instability of the mRNA product
associated with the gene’s dynamic expression during
somite formation  [18].
By this approach, the two groups [16,17] identified
a region of about 2 kilobases able to recapitulate the
oscillating pattern of lunatic fringe in the posterior pre-
somitic mesoderm. When compared to the equivalent
region of the human lunatic fringe promoter — shown
by Morales et al. [16] to drive reporter oscillations —
several boxes of high sequence conservation were
found. One of these regions, called region 2 by Cole et
al. [17] and region A by Morales et al. [16], is a stretch
of 110 nucleotides which shares 88% homology with
its human counterpart. Both groups identified this
region as able to drive cyclic expression of the
reporter, suggesting that it contains ‘clock elements’.
This A/2 region contains two E-boxes, known to bind
basic-helix–loop–helix (b-HLH) proteins, and a binding
site for the CBF1 transcription factor which associates
with the intracytoplasmic domain of Notch to mediate
its cellular response.
To uncover more about the clock, the two groups
[16,17] analysed mutant versions of the clock element.
Because Notch has been proposed to play a role in
the core mechanism of the oscillator, it is tempting to
speculate that oscillations are mediated by periodic
Notch activation, sensed directly by the CBF1 site. 
But whereas dynamic expression of lunatic fringe
expression is completely abolished in CBF1 mutant
mice, mutation of the consensus CBF1 site of the A/2
region leads to much reduced expression, but does
not completely prevent cycling [16]. This might be
because Notch signalling activates lunatic fringe tran-
scription but is not an inherent component of the
oscillator. Alternatively, residual cyclic lunatic fringe
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expression could be due to weak residual CBF1
binding sites.
Indeed, Notch activation could be sensed indirectly
at the level of the E-boxes of the A/2 box. Accordingly,
mutation of these E-boxes seems to abolish the cyclic
behaviour of the reporter [17]. In mouse and fish,
several b-HLH transcription factors have been recently
implicated in the oscillator mechanism [4,8,15]. The
mouse bHLH transcription factor HES7 is an attractive
candidate regulator of the oscillations, because it 
has been shown to act as a repressor that can block
transcription from E-box-containing promoters and to
play a critical role in the maintenance of lunatic fringe
oscillations in the presomitic mesoderm [4].
The situation appears to be in reality even more
complex, however, because Morales et al. [16] found that
deletion of the A/2 box does not fully abolish cyclic
expression of lunatic fringe, indicating that other regions
are also able to drive cyclic expression. They also found
that another conserved sequence of the lunatic fringe
promoter, Box C, acts as a repressor required for cyclic
transcription. Thus it seems that the cyclic gene expres-
sion is not regulated by a simple mechanism involving 
a single transcription factor binding a well-defined clock
element. Rather, lunatic fringe mRNA oscillations are
controlled in a complex fashion involving both repressors
and activators.
These studies have also provided evidence for 
a distinct regulation of lunatic fringe expression 
in the anterior and posterior presomitic mesoderm.
This subdivision of the presomitic mesoderm on the
basis of lunatic fringe regulation appears to corre-
spond to that recently described in chick and fish
embryos, in which the presomitic mesoderm is subdi-
vided into a posterior immature domain dependent 
on fibroblast growth factor 8 (FGF8) and an anterior
domain in which the segmentation programme is 
activated (Figure 1) [19,20]. The clock elements 
identified in this work act in the posterior FGF8-
dependent presomitic mesoderm domain, suggesting
that FGF signalling might also control an aspect of the
clock regulation.
The new work [16,17] has provided important
insights into the molecular mechanism of the verte-
brate segmentation clock. The demonstration of the
transcriptional regulation of the cyclic genes and the
existence of clock elements provided by this work 
will open the way to a search for the transcriptional
regulators involved in the control of the oscillations.
These studies have also implicated Notch signalling 
in the direct control of lunatic fringe expression, pro-
viding more direct evidence in favour of the postulated
role for the Notch pathway in the core mechanism 
of the oscillator.
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Figure 1. A model for the transcriptional
regulation of lunatic fringe in the mouse
presomitic mesoderm (PSM).
Two phases of the dynamic expression of
lunatic fringe are shown: phase I at the
top, and phase III below (lunatic fringe
RNA expression in the PSM and somites
is shown in red). RNA oscillations in the
posterior presomitic mesoderm are con-
trolled by a clock element within 2 kb of
the 5′ regulatory region of lunatic fringe.
This element includes the boxes A/2 and
C (green) which are conserved between
mouse and human. This element acts in
the posterior region of the presomitic
mesoderm located caudal to the determi-
nation front (hatched line), in which acti-
vation of the segmentation programme is
blocked due to FGF8 action. Regulation
of lunatic fringe in the anterior presomitic
mesoderm localised rostral to the deter-
mination front is controlled by distinct ele-
ments situated more 3′ in the promoter. A,
anterior; P, posterior.
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